Introduction
The burgeoning market of lithium-ion batteries in recent years has rapidly expanded from consumer electronics to the automotive industry. With the current push of driving ranges to >300 miles for electric vehicles (EVs), extensive research activities have focused on novel cathode materials with high energy densities. [1] [2] [3] The most promising candidate, nickel-based layered oxides and (v) sustained parasitic electrolyte reduction and consumption of active Li ions in forming a thick solid-electrolyte interphase (SEI) on graphite anodes, triggered by the crossover of active mass dissolution products (transition-metal ions) from the cathode. [20, 21, [32] [33] [34] Altogether, these degradation processes introduce irreversible changes on the surface and/or bulk properties of the active cathode and anode materials, resulting in a loss of active-mass/lithium as well as an increase in the internal cell resistance. [6, 15, 16] For some, adverse effects on the full-cell cycling stability are often imminent (i and iii), while others tend to become dominant only during long-term electrochemical operation (iv and v).
Nearly all studies concerning the performance deterioration of the Ni-based layered oxide cathodes have focused on certain aspects of the chemical, structural, and mechanical degradation mentioned above, such that the degradation process(es) of interest can be investigated in-depth. On the other hand, it becomes evidently imperative to address all of these aspects in acquiring a full picture of the electrochemical durability of LiNi 1−x M x O 2 cathodes in practical cell configurations. Interestingly, despite a proliferation of literature, no systematic work on the long-term cyclability of Ni-rich NCM versus NCA has been reported to date. An intriguing question remains open in the community as to whether Ni-rich NCM indeed possesses a decisive edge to NCA as Mn cations are more prone to dissolution that damages the anode SEI, [18] [19] [20] [21] thereby limiting cycle life and diminishing the safety/cost advantages from Mn incorporation. Moreover, a direct comparison is still lacking between Al and Mn doping effects on the surface chemical/structural stability of Ni-rich Li 1−y Ni 1−x M x O 2 with nonaqueous electrolytes at deeply delithiated states.
We present herein a detailed, comprehensive study on the long-term cyclability of two in-house cathode samples, LiNi 0. 8 O 2 , in pouch-type full cells with a high cut-off voltage (4.4 V, ≈4.5 V vs Li + /Li) during 1500 cycles. A diversity of state-of-the-art characterization techniques, including high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), electron energy loss spectroscopy (EELS), time-of-flight secondary-ion mass spectrometry (TOF-SIMS), and X-ray photoelectron spectroscopy (XPS), are employed to investigate the intricate changes of both the layered oxide cathodes and graphite anodes under extensive cycling. By combining the results based on chemical, structural and mechanical degradation, we identify key challenges, relative to NCA, for realizing a long service life of Ni-rich NCM cathodes and corresponding mitigation strategies. is chosen based on two rationales: (i) the same Co content to NCA, such that the influence of Co on Li/Ni mixing (i.e., cation antisite defects) [35] does not need to be considered; (ii) the results are instantly applicable to both LiNi 0.6 Co 0.2 Mn 0.2 O 2 and LiNi 0.8 Co 0.1 Mn 0.1 O 2 , two nickel-rich compositions of particular interest in the community. [4, 5] Electrochemical characterization of the two cathodes was first conducted in 2032 coin-type Li half cells for short-term cycling ( Figure S1 , Supporting Information). It can be seen that both the Ni-rich NCM and NCA show very similar initial voltage profiles and discharge capacities (≈195-200 mA h g −1 ) under C/5 rate at 25 °C ( Figure S1a ,b, Supporting Information), as well as nearly identical cycling performance (≈94% after 100 cycles, Figure S1c , Supporting Information). Thus, to distinguish the differences of Al/Mn substitution on the electrochemical durability, long-term full-cell operation is necessary. Figure 1 presents the evolution of capacity, average voltage, and voltage profiles of NCA and Ni-rich NCM in Al-pouch laminated full cells paired with a mesocarbon microbead (MCMB) graphite anode over the course of 1500 charge-discharge cycles at ambient temperature (25 °C). With a relatively high upper cut-off voltage (4.4 V, or ≈4.5 V vs Li + /Li), both cathodes exhibit a continuing decrease in capacity and an increase in voltage polarization as cycling proceeds, and such tendencies are more pronounced for the Ni-rich NCM. Specifically, the 1500-cycle discharge capacity retention and discrepancy in average charge/discharge voltage is, respectively, 75% and 0.27 V for NCM, compared to 80% and 0.18 V for NCA. Note that the slightly lower specific discharge capacity in full cells in Figure 1a is mostly due to the consumption of active lithium ions from the cathode in forming a protective SEI on the graphite anode. [36] [37] [38] To discern whether the decline in specific capacity and working voltage originates from the cathode and/or anode, electrodes harvested from pouch full cells before and after longterm cycling were tested in coin half cells, as shown in Figure 2 . Cycled between 2.8 and 4.5 V under a C/5 rate, large overpotentials and capacity decrease are observed in the charge-discharge profiles for both NCA and NCM after 1500 cycles compared to those right after three formation cycles (Figure 2a,b) . Meanwhile, the charge capacity of extensively cycled cathodes shows notable increases after one recovering cycle in Li-metal half cells, especially for Ni-rich NCM. This signifies lithium deficiency in the cathode samples after long-term cycling, as confirmed by inductively coupled plasma-optical emission spectrometry (ICP-OES) data in Table 1 . For the harvested graphite anodes, a fair amount of capacity fade, yet much smaller voltage polarization, are obtained at C/5, as seen in Figure 2c . Given the noticeable jump in the recovered half-cell charge capacities of the two extensively cycled cathodes (23.5 and 6.5 mA h g −1 for NCM and NCA, respectively), it appears that one of the main contributors to the full-cell capacity fade is the loss of active Li ions, [11, 14, 20] induced by parasitic reactions on both electrodes on cycling. On the other hand, the voltage polarization is primarily a result of decreasing interfacial lithiation kinetics with impedance buildup of the layered oxide cathodes, which majorly limits accessible capacity as well. Notably, the Ni-rich NCM suffers from a larger extent of degradation than NCA in both cases.
Results and Discussions
Electrochemical impedance spectroscopy (EIS) probes the evolution of cell impedance during long-term cycling. Figure 3 displays the impedance spectra of the full cells and 1500-cycle NCM/NCA and graphite electrodes in reference half cells. As seen, the full-cell impedance (top row), a sum of the impedances of both the electrodes, is predominantly contributed by the cathode with similar spectra shapes. The cathode impedance (middle row) consists of a small semicircle at high frequencies (maxima at >500 Hz), which arises from the contact resistance of the oxide particles within the electronic network (current collector, conductive carbon, etc.) [14] and ionic transport through cathode-electrolyte interphases; [18] and a very large mid-to-low frequency semicircle, which is ascribed to the interfacial chargetransfer process at the surface of the cathode oxide particles. Notably, the charge-transfer kinetics becomes more sluggish for Ni-rich NCM after extensive cycling in comparison with NCA, as suggested by both the lower maximum frequency (185 mHz versus 272 mHz) and larger diameter of the second semicircle (≈500 Ω cm −2 versus ≈300 Ω cm −2 ). The former is inversely proportional to the time constant of the electrochemical processes. Meanwhile, the graphite impedance spectra (bottom row) are characterized by similar electrochemical processes to those of the layered oxide cathode, though the much smaller charge-transfer semicircle is in part blended with a Warburg impedance tail at low frequency ranges (<50-100 mHz). Overall, the EIS data are in support of the results in Figure 2. 
Degradation of Ni-Rich NCM versus NCA Cathodes after Extensive Full-Cell Operation
The large impedance increase on Ni-rich LiNi 1 before moving onto their anode counterparts. As discussed above, a series of chemical, structural, and mechanical degradation processes all contribute to this phenomenon. [4, 6] At the bulk level, both NCA and NCM do not exhibit drastic changes in the crystal structure prior to and after extensive cell operation, as evidenced by powder X-ray diffraction (XRD) in Figure 4a ,b. The R3m layered structure of both samples is largely preserved, despite a notable increase in Li/ Ni mixing based on Rietveld refinements of the XRD patterns ( Figure S2 (Supporting Information) and the crystallographic parameters are summarized in Table 2 . Scanning electron microscopy (SEM) images of c) NCA and d) Ni-rich NCM prior to and after long-term cycling. Scale bar is the same for (c) and (d).
a in Table 2 are, respectively, indicative of the extent of active Li loss after long-term cycling. [11] Using the c/a ratio as a direct measure, the increase for NCA and NCM is, respectively, 0.050 and 0.076, which are associated with around 14% and 21% lithium deficiency. These values are reasonably close to the ICP results in Table 1 , but should translate to larger capacity increases (≈38 and 57 mA h g −1 , respectively) in recovering Limetal half cells than those observed in Figure 2a ,b. The discrepancy is likely due to kinetic limitations of Ni-rich layered oxides primarily responsible for the first-cycle "irreversible" capacity loss. [39] The full width at half maximum (FWHM) of the (003) and (104) diffraction peaks shows upward trends as well, especially for NCM (Table 2 ). These changes are correlated with the decrease of crystallinity of the cathode, accompanying irreversible cationic migration and destruction of Li intercalation sites in the host lattice. Evidently, Ni-rich NCM is at a more advanced stage in all three aspects of structural degradation.
In addition to the largely retained crystal structure, scanning electron microscopy (SEM) images in Figure 4c ,d also reveal a minor degree of morphological evolution (i.e., mechanical fracture of the micrometer-scale secondary particles) for both Ni-rich cathodes on extensive cycling. As seen, both the as-prepared samples consist of uniform spherical particles of ≈11.5-13.8 µm (NCA) and ≈12.1-14.5 µm (NCM) in diameter. A close inspection on the size distribution of at least 300 particles (both intact and fragmented) for each cathode after 1500 cycles in Figure 5 confirms that NCM slightly outperforms NCA in particle shape preservation. Corresponding untreated SEM micrographs can be found in Figure S3 (Supporting Information). The highly anisotropic strains generated with repeated Li insertion and extraction of the host lattice are believed to be responsible for nucleation and propagation of microcracks that eventually lead to disintegration of the entire oxide particle, particularly at high voltages, elevated temperatures, and/or large depths of discharge. [28, 29, 31] This process causes the loss of electronic contact among the active material, conductive carbon, and Al current collector that increases cell internal resistance.
Although the bulk structure of both Ni-rich NCM and NCA does not drastically alter after 1500 cycles, pronounced changes at the particle surface have been documented in the literature. [7, 12, [17] [18] [19] [22] [23] [24] [25] [26] 40] These changes, either of chemical or structural origins, greatly affect the electronic/ionic transport at the electrode-electrolyte interface. Figures 6 and 7 present the surface evolution of the two extensively cycled cathodes using HAADF-STEM/EELS. Localized lattice reconstruction, that is, transformation of the original R3m layered structure (see Figure S4 in the Supporting Information) into a NiO-type Fm3m rock-salt phase, [22] [23] [24] [25] [26] is evident for both NCA and NCM. The two distinct phases are also verified by fast Fourier transform (FFT) patterns as insets in Figure 6b (Table 2) . EELS spectra of Ni L-edge in Figure 7 acquired at the same region for the two cathode samples reveal similar trends. The onset energy shifts and decreasing L 3 /L 2 ratios are both indicators of the reduction in transition-metal valence states, [41] a direct consequence of the local atomic rearrangements. Reduction of nickel (from +3 to +2) for NCM is still noticeable at ≈160 nm beneath the primary particle surface. For NCA, however, the Ni valence state is readily almost the same as the bulk at ≈40 nm. Additional EELS spectra of consistent results in the O K-edge, Co L-edge, and Mn L-edge regimes are shown in Figure S6 (Supporting Information). The surface reconstruction blocks Li-ion motion within the lattice and contributes to the substantial impedance increase of the two cathodes in Figure 3 , especially for NCM. Another important aspect of surface degradation for Ni-rich layered oxide cathodes on cycling, parasitic electrolyte oxidation that consumes active lithium and generates resistive surface deposits, [7, 12, 18, 19] is also evaluated by XPS ( Figure S7 , Supporting Information). Interestingly, the surface chemistry of NCA and NCM after 1500 cycles appears very similar. This is likely a combined result of (i) highly intricate and fragile nature of cathode-electrolyte interphases (CEI) and limitations of XPS as a postmortem technique, [42, 43] and (ii) complication from "inert" composite electrode components, most notably conductive carbon. [40, 43] Nevertheless, the stronger F1s peak at 685.1 eV (LiF/MF x , M = Ni/Co/Mn) and O1s peak at 534.2 eV (O-C) of NCM suggest more electrode-electrolyte side reactions, with the former (i.e., active mass dissolution) discussed in detail below.
Degradation of Graphite Anodes Paired with Ni-Rich NCM/NCA after Extensive Full-Cell Operation
As mentioned above, while the voltage polarization mainly originates from the degradation of NCM/NCA layered oxide cathodes, irreversible changes occurring on their anode counterparts often significantly contribute to the loss of active lithium ions (hence capacity fade). Raman spectra in Figure S8 (Supporting Information) confirm no major bulk degradation (e.g., exfoliation) occurs for graphite anodes during long-term cycling. On the other hand, crossover of dissolved transition-metal species is recognized to compromise the passivation of graphite SEI under electrochemical operation. [20, 21, [32] [33] [34] As a result, sustained reduction of electrolyte components at the anode surface produces a thick SEI with excessive consumption of active lithium that deteriorates full-cell capacity. In the meantime, the actual loss of active mass of the oxide cathode is frequently negligible (≪1 mol%). [11, 32] To directly compare the two Ni-rich cathodes in this aspect, TOF-SIMS is adopted for its very high chemical selectivity. [40] In Figure 8a as well as cathode ICP data (Table 1) . In Figure 8d , both graphite anodes exhibit similar yields of Al + (likely from minor corrosion of the cathode Al current collector and pouch cases) whereas the NCM-paired graphite shows an intense Mn + signal. Importantly, these results signify that Al dissolution from NCA is negligible compared to Mn from NCM. In addition, dissolution of Ni and Co is more pronounced for NCM as well, as demonstrated by TOF-SIMS in both positive and negative polarities (Figure 8d ,b, respectively) and XPS (Figure 8c) . The much more severe dissolution of NCM may be largely explained by the EELS results in Figure 7 . With more transition-metal ions reduced to the soluble divalent state at the surface, dissolution is strongly exacerbated. Interestingly, in spite of more secondary particle pulverization that normally aggravates undesired electrode-electrolyte interactions (e.g., HF leaching), NCA suffers from less active mass dissolution due to its superior surface chemical stability.
Under the influences of crossed over transition-metal ions from the cathodes, distribution of typical interphasial species in the graphite SEI after 1500 cycles is further examined by TOF-SIMS depth profiling, as shown in Figure 9 , and Figures S10 and S11 (Supporting Information). A handful of secondary-ion fragments of interest, including 6 LiF 2 − (equivalent to 7 LiF 2 − , which saturates the mass analyzer), 7 LiO − and 7 Li − in Figure 9 , represent common Li-bearing SEI components such as LiF, Li 2 CO 3 , ROCO 2 Li, and Li x PO y F z . [18, 19, 37, 38, 42] microstructures formed in the disrupted SEI with the presence of deposited transition-metal species on long-term cycling. [21] Based on these various fragments and C 8 − that represents bulk graphite, the SEI cycled with Ni-rich NCM is several times thicker (estimated to be about 50-100 nm) than that with NCA (10-20 nm), a direct consequence of more chemical crossover from the LiNi 1−x M x O 2 cathodes (Figure 8b-d) . The considerable active Li consumption (trapping) in the NCM-paired graphite SEI correlates well with its larger cell capacity fade in Figure 1 .
Chemical analysis of the SEI on the extensively cycled graphite anodes is also performed via XPS (Figure 10) . In contrast to the Ni-rich LiNi 1−x M x O 2 cathodes ( Figure S7 , Supporting Information), the surface chemistry of the two anode samples exhibits certain differences due to chemical crossover. Note that the detection depth of XPS in this work is around 10 nm from the sample top surface, which only captures a small portion of the exterior SEI for graphite cycled with Ni-rich NCM (see Figure 9 ). In Figure 10a , the C1s peaks characteristic of graphite (284.6 eV) is rather weak in relative intensity with nearly complete coverage of the SEI. Observed peaks in the C1s spectra are assigned to common SEI components [37, 38, 42] such as alkyl carbonates and alkoxides (CCO 3 , 286.8 eV; CO, 288.2 eV, and CO, 289.4 eV) as well as the PVdF polymeric binder (CH, 286.4 eV and CF, 290.0 eV). In Figure 10b , the corresponding O1s peaks of the carbonates/ alkoxides include OC (532.6 eV) and OC (533.9 eV). Interestingly, some peaks were measured with abnormally high binding energy, i.e., C1s at 292.8 eV and O1s at 535.4 eV. Based on previous studies of metallic lithium exposed trace amounts of oxidants in argon-filled gloveboxes, [44] these peaks strongly indicate that metallic Li deposits were formed in the graphite SEI under extensive cycling. Upon contact with the electrolyte under cell operation, highly insulating species (Li oxides, carbonates, etc.) readily form as an overlayer, which show large energy shifts (≈2-3 eV) in XPS. [44] Note that the C1s peak (292.8 eV) may also arise from polycarbonates, produced via polymerization of alkyl carbonate solvents and/or their decomposition products. Other SEI species, such as LiF and Li x PO y F z , are also identified in the F1s spectra at 685.3 and 687.1 eV, respectively ( Figure S12 , Supporting Information). Compared to NCA, the graphite SEI cycled with NCM exhibits larger amounts of Li-bearing components distinctively originating from Li metal deposits, in good agreement with the results in Figures 8 and 9 . Additional XPS data, such as Li1s, are shown in Figure S12 (Supporting Information). [18, 19, 42] Oxidation is further accelerated at the surface of delithiated Li 1−y Ni 1−x M x O 2 materials with high concentrations of Ni(IV). In the present study, no major variations are found on electrolyte decomposition products adhered on the two cathode samples after 1500 cycles via XPS. However, transition-metal dissolution and surface structural reconstruction, which appear to be more severe for Ni-rich NCM (see ii and iii below), are both facilitated with this process. [17, 23, 45] Hence, it is plausible that Ni-rich NCM suffers from more parasitic electrolyte oxidation that leads to larger active Li trapping in the CEI and capacity fade, in comparison with NCA. Future studies employing sensitive, nonintrusive diagnostic tools are needed to provide more insights into these reactions. ii. Active mass dissolution (cathode). Dissolution of transitionmetal cations has been extensively studied on Mn-based spinel oxide cathodes (LiM 2 O 4 , M = Mn, Ni, etc.). [32] [33] [34] 45] When operating at higher voltages, this aspect of chemical degradation becomes a main factor limiting the service life of Nibased LiNi 1−x M x O 2 materials as well (see v). [11, 14, 20] Through TOF-SIMS analysis, we demonstrate that Mn dissolution from Ni-rich NCM is rather severe after long-term cycling, whereas Al barely disassociates from NCA. Indeed, the dominant role of Mn among the three transition-metal cations on cell capacity decline was reported for LiNi 0.5 Co 0.2 Mn 0.3 O 2 . [20] Notably, Ni and Co are also subject to much more dissolution from NCM than NCA. Such a drastic difference between Mn and Al doping on transition-metal dissolution may in part be Adv. Energy Mater. 2018, 1703154 Figure 10 . Surface chemistry of graphite anodes paired with Ni-rich NCM and NCA after 1500 cycles: XPS spectra of the two anode composite electrodes in the a) C 1s and b) O 1s regions. Spectra for a piece of scratched Li metal exposed to the argon-filled glovebox and then sputtered with Ar in XPS are also shown. *The observed large shifts in energy scale is consistent with the literature. [44] explained by the more pronounced surface structural reconstruction of NCM that reduces metal cations to the soluble divalent state (see iii). iii. Irreversible phase transitions (cathode). Li-rich Mn-based layered oxide cathodes display characteristic irreversible layeredto-"spinel-like" phase transformations on cycling. [46] Ni-based layered oxides undergo a similar but much slower process upon lithium extraction, with transition-metal ions (3a) increasingly occupying neighboring Li (3b) sites (i.e., Li/Ni mixing). [4] The tendency to form the surface NiO-type rocksalt phase is intensified with at higher voltages. [25] After 1500 cycles, we notice that both cathodes possess high levels of Li/Ni mixing in the bulk via XRD (≈9% and 13%) and thick surface rock-salt structures via HAADF-STEM/EELS (from 10 to 200 nm). Ni-rich NCM is at a more advanced stage of the structural degradation than NCA, despite a lower Ni content. The (surface) irreversible phase transitions substantially contribute to the larger impedance buildup and voltage polarization of NCM under extensive cell operation. iv. Particle pulverization (cathode). For NCA materials, the longterm cyclability appears to be critically limited by depths of discharge. [28, 47] With a wide voltage window (not exclusive to high-voltage regions), NCA shows increasing separation of primary particles within the secondary particles due to notable volume changes upon delithiation/lithiation. [31] Ni-rich NCM manifests this similar problem, with larger volume variations than their lower-Ni counterparts (such as LiNi 1/3 Co 1/3 Mn 1/3 O 2 ), especially at x(Li) < 0.5 that involves an abrupt decrease in the c-axis lattice parameter (>3%; the reversible transition between rhombohedral H2/H3 phases). [30, 48] Here, we find that Ni-rich NCM suffers from less particle cracking than NCA cycled with a broad Li content range (2.5-4.4 V vs carbon) after 1500 cycles. Hence, the doping of Mn (15%) in LiNiO 2 , though less effective than Al (5%) at inhibiting the irreversible layered to spinel-like/rocksalt structure reconstruction, is superior at reducing the large unit cell variations (particularly likely for the H2 ↔ H3 transition) upon Li extraction/insertion. v. Chemical crossover (anode). The crossover of cathode dissolution products to carbon anodes that induces sustained SEI damages is a main driving force for full-cell capacity fade. [11, 14, 20] For lower upper cut-off voltages (≤4.2 V), the observed capacity loss is often roughly proportional to the square root of cycling time (t), an indication of diffusion-controlled SEI growth with parasitic reduction of electrolyte solvent molecules. [49] Under high-voltage cycling, however, the capacity fade becomes more rapid and linear over time, a consequence of severe transition-metal dissolution, migration, and deposition on graphite. [20] In Figure 1 , the full-cell capacity decline deviates from a t 1/2 dependence, which corroborates the major impact of chemical crossover. The inferior cyclability of Ni-rich NCM to NCA could be in large part ascribed to the significant SEI growth (close to 100 nm) on graphite, notwithstanding its less secondary particle disintegration.
Key Challenges Limiting the
Based on the above discussions, it appears that the critical barriers for achieving long-term cyclability of Ni-rich NCM, in comparison to NCA, are ii/v (transition-metal dissolution and crossover) and iii (irreversible cation migration on cycling). In the meantime, parasitic electrolyte oxidation as indicated in (i) above, though inconclusive based on the presented results, is possibly more severe as well. Indeed, the surface rock-salt phase for NCM was found to be ≈200 nm in thickness-the largest value reported to date for this class of materials to our knowledge (commonly ≈5-20 nm [22] [23] [24] [25] [26] ). The graphite SEI also becomes significantly thick, close to 100 nm. In stark contrast, growth of the rock-salt phase and SEI is rather mild in the case of NCA (around 10-30 and 10-20 nm, respectively). In fact, these values are similar to those observed in cells under nonaggressive, short-term cycling conditions. Interestingly, another crucial aspect of degradation-iv (particle cracking)-is less severe for Ni-rich NCM, which in part compensates its surface chemical/structural instability disadvantages over NCA and leads to only slightly inferior cyclability (Figure 1 ).
Conclusions
The key challenges for Ni-rich LiNi 1−x−y Co x Mn y O 2 (NCM)-based cathode materials to achieve long service life, relative to commercially established LiNi 0.8 Co 0.15 Al 0.05 O 2 (NCA), have been examined by XRD/SEM, HAADF-STEM/EELS, TOF-SIMS, and XPS. On the basis of these results, active mass dissolution/ crossover and irreversible structural reconstruction of Ni-rich NCM are responsible for its inferior cyclability compared to NCA. Parasitic electrolyte oxidation might also be more severe for NCM, although additional evidence is needed. The incorporation of manganese (at ≈10-20%) offers low cost, mechanical robustness, and thermal stability advantages; unfortunately, the superior (surface) chemical/structural stability from Al doping is lacking. Notably, the latter (chemical and structural degradation) is sufficient to outweigh the former (mechanical degradation) in determining the cyclability of NCA versus NCM in the present study. This highlights the needs for caution when ascribing cell failure with this class of cathodes to any specific aspects of degradation alone.
To extend the cycle and calendar life of Ni-rich NCMbased cathodes, particularly at high voltages and elevated temperatures, stabilization of the electrode-electrolyte interface appears crucial. Meanwhile, albeit superior to NCA, particle pulverization nevertheless remains a challenge over long-term cycling (e.g., several thousand cycles). A codoping of Mn and Al, recently shown to enable stable cycling of a LiNi 0.60 Co 0.12 Mn 0.27 Al 0.01 O 2 cathode to at least 3000 times with 100% depth of discharge, [9, 21] is a straightforward approach that combines their individual benefits. Importantly, there are still a few critical questions in need of future investigation: (i) origins of the enhanced properties against various chemical, structural, and mechanical degradation processes from Mn versus Al substitution; (ii) the deciding aspect(s) of degradation under different cycling conditions (depths of discharge, temperature, etc.); (iii) the deciding aspect(s) of degradation with varying nickel contents in the NCM family; and (iv) the actual impact of Mn versus Al doping on anodic decomposition of LiPF 6 /carbonate-based electrolytes at high voltages. In spite of certain disadvantages over NCA, Ni-rich NCM cathodes nevertheless demonstrate promise to be deployed in EVs in the near future. [5] It is our hope that this work will serve as a guideline for continuing efforts in optimizing their overall performance with purposeful microstructural, compositional, and morphological engineering. Our systematic approach may also be applied to the comparative evaluation of a broad spectrum of layered/spinel oxides and polyanion-based compounds as highenergy-density battery cathode materials. [1] [2] [3] 50] Electrochemical Testing: For battery testing, MCMB graphite was purchased from Osaka Gas. Carbon black (Super P), polyvinylidene fluoride (PVdF) binder, and lithium metal chips were purchased from MTI Corp. Long-term cyclability was evaluated in Al-pouch-type laminated full cells. To make the composite cathode electrodes, the active material (NCA/NCM), carbon black, and PVdF (90:5:5 by weight) were mixed with an appropriate amount of N-methyl-2-pyrrolidinone. For the anode, MCMB graphite, carbon black, and PVdF (90:2.5:7.5 by weight) were used. The obtained slurries were doctor-bladed onto an Al and Cu foil, respectively, and roll-pressed. The active mass loadings of the cathode and anode were, respectively, around 5.5 mg cm −2 (≈1 mA h cm −2 ) and 3.0 mg cm −2 (≈1.1 mA h cm −2 ). Each pouch cell contained one anode (4.83 cm × 8.15 cm) and one cathode (4.78 cm × 8.15 cm), infused with around 0.25 g electrolyte (1 m LiPF 6 in ethylene carbonate− ethyl methyl carbonate (EC:EMC, 3:7 by weight) with 2 wt% vinylene carbonate). Basic electrochemical characterization was also carried out in 2032 coin-type half cells with Li metal as the counter/reference electrode. Battery tests were recorded on a 96-channel battery cycler (Arbin Instruments). For pouch cells, a constant current density of 18 and 60 mA g −1 , respectively, were applied for SEI formation (two cycles, C/10 rate) and long-term cell operation (1500 cycles, C/3 rate) within the voltage window of 2.5 and 4.4 V at 25 °C. The coin cells were cycled between 3.0 and 4.5 V versus Li + /Li at varying current densities from C/10 to 10 C at 25 °C. A constant current-constant voltage mode for charging was applied to pouch cells (but not to coin cells).
Experimental Section
Material Characterization: Ni-rich NCM/NCA and graphite electrodes were harvested from pouch full cells after 1500 cycles and rinsed with dimethyl carbonate for a series of electrochemical and physicochemical characterization. Electrochemical studies were conducted on 2032 cointype Li-metal half cells, which were cycled at 2.8-4.5 V and 0.01-1.5 V versus Li + /Li at 25 °C for cathodes and anodes, respectively. EIS analysis with an impedance spectrometer (Solartron 1260 A) was performed on the 1500-cycle pouch cells discharged to 2.5 V and rested for 6 h, as well as assembled in coin reference cells rested for 24 h. In the tests, the a.c. frequency varied from 100 kHz to 10 mHz with a 5 mV potential perturbation from the cell open-circuit potential at 25 °C.
Powder XRD data on the extensively cycled Ni-rich NCM/NCA cathodes were acquired on a MiniFlex 600 X-ray diffractormeter (Rigaku) with Cu Kα (λ = 1.54184 Å) radiation at 10.0°-80.0° at a scan rate of 0.5° min −1 . Rietveld refinements on the diffraction data were carried out with the GSAS/EXPGUI software. SEM images of the Ni-rich layered oxide powder prior to and after long-term cycling were collected on a Quanta 650 ESEM field-emission scanning electron microscope (FEI). Particle size distribution analysis was performed with the ImageJ software based on the obtained SEM micrographs. Chemical composition of the cathode samples before and after extensive cell operation was also evaluated by an ICP-OES (Varian 715 ES).
An FEI Nova 200 dual-beam FIB instrument was used to perform lift-outs of the Ni-rich NCM/NCA cathode samples at the regionsof-interest, followed by milling to fabricate the lamellar shaped TEM specimens. Then, STEM/EELS study was conducted with an aberration-corrected FEI Titan S 80-300 TEM/STEM equipped with a Gatan Image Filter Quantum-865 operated at 300 kV. HAADF-STEM imaging was recorded with a probe convergence angle of 30 mrad and a large inner collection angle of 65 mrad. EELS spectra were collected in the STEM mode with a dispersion of 0.3 eV per channel with a 5 mm aperture. FFT patterns were obtained through the DigitalMicrograph software.
TOF-SIMS was adopted for surface chemical analysis and depth profiling of Ni-rich NCM/NCA and graphite electrodes after longterm cycling. A TOF.SIMS 5 spectrometer (ION-TOF GmbH, 2010) was equipped with a 30 kV Bi + analysis beam and 500 V Cs + or 1 kV O 2 + sputtering beams for detecting negative or positive secondary-ion fragments, respectively. The chemical mapping and depth profiles were acquired with an image field of, respectively, 30 µm × 30 µm and 100 µm × 100 µm, and a raster size of 300 µm × 300 µm. Based on our previous work, a sputtering rate of ≈0.03 and 0.04 nm s −1 , respectively, was used to estimate the sputtering depth for the Ni-rich layered oxide cathode and graphite anode composite electrodes.
XPS data were taken on the extensively cycled electrode samples through an Axis Ultra DLD spectrometer (Kratos) with an Al Kα radiation (hυ = 1486.6 eV) beam in a base pressure of around 2 × 10 −9 mbar. Peak deconvolution of all obtained spectra was performed with the CasaXPS software with Shirley background correction and Gaussian-Lorentzian curves synthesis. For the cathode samples, the energy scale was calibrated based on C 1s 248.8 eV; for the anodes, the calibration is described in details in Figure S12 (Supporting Information).
The XRD data of the cycled composite electrodes were collected in an air-free chamber sealed by a Kapton membrane to avoid exposure to the ambient environment.
During the XPS and TOF-SIMS experiments, all samples were transferred from an argon-atmosphere glovebox to the instruments with a novel air-free interface (U.S. Patent Application Serial No. 14/445,650). For the preparation of cross-sectional cathodes in TOF-SIMS chemical mapping, a Leica TIC 020 milling machine equipped with a triple Ar + beam sputtering system was employed. During transport to and from the milling instrument, the samples were kept in an Ar environment at all times.
For SEM and ICP analyses, extensively cycled samples were first calcined at 500 °C for 3 h in air to remove the conductive carbon and binder in the composite electrodes.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
